Context. Photometric time series of the γ Doradus star 43 Cyg obtained with the BRITE-Constellation nano-satellites allow us to study its pulsational properties in detail and to constrain its interior structure. Aims. We aim to find a g-mode period spacing pattern that allows us to determine the near-core rotation rate of 43 Cyg and redetermine the star's fundamental atmospheric parameters and chemical composition.
Introduction
γ Doradus stars are intermediate-mass stars, with typical masses between 1.4 M and 2.0 M . They cover the transition region between low-mass stars possessing radiative cores and convective envelopes to high-mass stars which have convective cores and radiative envelopes. γ Doradus pulsators exhibit non-radial gravity (g) and / or gravito-inertial modes, with observed pulsation periods between 0.3 and 3 days (Kaye et al. 1999) , that are excited by the convective flux blocking mechanism at the bottom of the con-vective envelope (Guzik et al. 2000; Dupret et al. 2005) . These pulsations are most sensitive to the characteristics of the deep stellar interior. The pulsation periods are predicted to be equidistantly spaced in the asymptotic regime (n l) for a non-rotating chemically homogeneous star with a convective core and a radiative envelope (Tassoul 1980) . The presence of a chemical gradient at the edge of the convective core induces non-uniform variations in the spacing pattern (Miglio et al. 2008) , which typically manifest themselves as periodic dips in the spacings. The periodicity of such non-uniform variations is strongly linked to the location of the chemical gradient inside the star, while their amplitude is related to the steepness of the gradient.
Stellar rotation leads to shifts in the pulsation frequencies, so that spacing patterns of retrograde modes (m < 0) in a rotating star have an overall upward slope, while patterns of zonal and prograde modes (m > 0) have a downward slope (Bouabid et al. 2013 ). In addition, rotational mixing, like other extra mixArticle number, page 1 of 9 arXiv:1710.02364v1 [astro-ph.SR] 6 Oct 2017 A&A proofs: manuscript no. 43Cyg ing processes, affects the chemical gradients in the stellar interior, typically reducing the steepness of the gradients, which leads to smaller non-uniform variations in the observed patterns (Bouabid et al. 2013) . Furthermore, stellar rotation may also affect the propagation cavity of the gravito-inertial modes. While pure g-modes cannot propagate into a convective region, gravitoinertial modes in a rotating star can. This leads to an additional shift of the observed pulsation frequencies (Prat et al. 2017 ).
Thanks to the high-precision photometric observations of space missions such as Kepler (Koch et al. 2010) , such period spacing patterns were recently found in some γ Doradus stars (e.g., Chapellier et al. 2012; Kurtz et al. 2014; Bedding et al. 2015; Van Reeth et al. 2015b; Keen et al. 2015; Saio et al. 2015) . They have since been used to probe the rotation rates (e.g, Murphy et al. 2016; Van Reeth et al. 2016; Ouazzani et al. 2017; Sowicka et al. 2017; Guo et al. 2017 ) and the nature of the mixing processes (e.g., Schmid & Aerts 2016) in the deep interior of these stars. This provides us with an opportunity to independently evaluate the rotational mixing and angular momentum transport mechanisms inside intermediate-mass stars. Previous studies of the internal rotation profiles using space-based photometric observations have revealed shortcomings in the existing theory for these mechanisms. The observed surface-to-core rotation rates in red giants are orders of magnitude larger than predicted by theory (e.g., Marques et al. 2013; Cantiello et al. 2014) , and Triana et al. (2015) have even found a counter-rotation in the B-type star KIC 10526294. Internal gravity waves have been proposed as a mechanism to explain these observations (Rogers et al. 2013; Rogers 2015) .
43 Cygni (HD 195068/9, V 2121 Cygni, HR 7828) was originally identified as a possible RR Lyrae star from HIPPARCOS photometry (Perryman et al. 1997) . Handler (1999) indicated the possible γ Doradus nature of 43 Cyg. From observed asymmetries in the line profiles, Fekel et al. (2003) concluded that 43 Cygni is either a binary or a pulsator. Gerbaldi et al. (2007) verified that 43 Cyg is a single star from TD1 UV observations. Henry et al. (2005) identified the star as a (single) γ Doradus pulsator and detected three main frequencies at f 1 = 1.25054 d −1 , f 2 = 1.29843 d −1 and f 3 = 0.96553 d −1 , using photometric time series in the Johnson B and V filters. Using 230 spectra obtained over two years, Jankov et al. (2006) studied the line profile variations, detected an additional frequency and attempted a first spectroscopic mode identification. The authors reported a frequency at 1.61 d −1 to be an = 5(±1) and m = 4(±1) and the frequency at 1.25 d −1 -which is f 1 of Henry et al. (2005) -to be an = 4(±1) and m = 3(±1) mode. Cuypers et al. (2009) confirmed the presence of the previously identified pulsation frequencies using photometric time series in the Geneva system. In the literature, 43 Cygni is reported to have an effective temperature, T eff , of 7300 ± 250 K and a log g of 4.35 ± 0.14 cms −2 (David & Hillenbrand 2015) ; its projected rotational velocity, υ sin i, was determined to be 44 km s −1 (e.g., Fekel et al. 2003) .
As 43 Cygni has a V magnitude of 5.74, it is at the fainter end of the magnitude range observable with BRITE-Constellation (Weiss et al. 2014) . In the present study we describe the BRITEConstellation observations of 43 Cygni and conduct a detailed asteroseismic investigation of the pulsation periods and their spacings with the aim to constrain the star's near-core rotation. We also use new high-resolution, high signal-to-noise ratio spectroscopy for a re-determination of the fundamental parameters and a first investigation of the chemical abundances of 43 Cygni. 
Observations and data reduction

BRITE-Constellation
1 is a fleet of five nano-satellites measuring light variations in stars typically brighter than V = 5 mag. Each 20-cm cube satellite carries a telescope with an aperture of 3 cm that feeds an uncooled CCD (Weiss et al. 2014) . Three of the BRITE satellites -i.e., BRITE-Toronto (BTr), Uni-BRITE (UBr) and BRITE-Heweliusz (BHr) -carry a custom-defined red filter (550 -700 nm), and two satellites -i.e., BRITE-Austria (BAb) and BRITE-Lem (BLb) -carry a custom-defined blue filter (390 -460 nm). More details on the detectors, pre-launch and in-orbit tests are described by Pablo et al. (2016) . Popowicz et al. (2017) describe the pipeline which processes the observed images yielding the instrumental magnitudes which are delivered to the users.
BRITE-Constellation observes large fields with typically 15 to 20 stars brighter than V = 6 mag including at least three targets brighter than V = 3 mag. Each field is observed at least 15 minutes per each ∼100-minute orbit for up to half a year (Weiss et al. 2014) .
BRITE-Constellation obtained observations of the Cygnus-II field from June 1 to November 25, 2015. 43 Cygni was observed for only 13 days with BRITE-Lem (BLb) in the blue filter and for 156 days with BRITE-Toronto (BTr) in the red filter, both in chopping mode where the position of the target star within the CCD plane is constantly alternated between two positions about 20 pixels apart on the CCD. This procedure was adopted to mitigate the impact of high dark current in CCDs. A detailed description of this technique is given in Popowicz et al. (2017) . As the blue data set from BLb did not have sufficient quality for an asteroseismic analysis, we omitted it from our further investigation.
The BRITE-Constellation data of 43 Cyg have been corrected for instrumental effects according to the iterative procedure described by Pigulski et al. (2016) . This procedure was, however, modified to include two-dimensional decorrelations. Since 43 Cyg shows variability with large amplitude, decorrelations were made using residuals from a fit consisting of a sum of sinusoidal terms. ). This model was used for all BTr setups. The fit was recalculated at each step of the decorrelation. The whole procedure included outlier rejection, one-(1D) and two-dimensional (2D) decorrelations, and removal of corrupted orbits (e.g., affected by poor stability of the satellite). Decorrelations, both 1D and 2D, were made using parameters provided in Data Release 3 (see Popowicz et al. 2017 , or the BRITE Public Data Archive 2 for the explanation of parameters) and a given satellite orbital phase as an additional parameter. The procedure of decorrelation was made sequentially allowing for multiple decorrelations with the same parameter (or a pair of parameters). At each step, the parameter showing the strongest correlation was chosen for correction. The strength of a correlation was defined as the degree of reduction in variance due to decorrelation with a given parameter (for 1D) or a pair of parameters (for 2D). The iterations were stopped when all correlations (both 1D and 2D) resulted in a variance reduction smaller than 0.05 per cent. The whole procedure was run independently for each setup. The rejection of outliers and the worst orbits was carried out at least twice during the whole procedure. Having decorrelated the data, the blue and red data were separately combined, taking into account the mean magnitude offsets between the setups.
The complete BTr light curve of 43 Cygni consists of 98481 data points and is shown in the top panel of Fig. 1 while the bottom panel shows a zoom into a 20-day subset.
HERMES spectra
We obtained ten high-resolution, high signal-to-noise ratio (S/N) spectra for 43 Cygni using the HERMES spectrograph (R = 85, 000, λ = 377 − 900 nm, Raskin et al. 2011 ) at the 1.2m Mercator telescope (Observatorio del Roque de los Muchachos, La Palma, Canary Islands, Spain). The observations were taken during 7 individual nights between August 4th and 15th, 2016, with typical exposure time of 600 s and S/N higher than 150 per pixel. The individual spectra were reduced with the most recent version of the HERMES pipeline (release 6) and normalized by fitting a low-order polynomial to carefully selected continuum points. The resulting combined, normalized spectrum has a S/N of 590 calculated from 5820 to 5821 Å and was used to determine the fundamental parameters and abundances for 43 Cygni. With our spectroscopic data, we also can verify previous reports (e.g., Henry et al. 2005; Gerbaldi et al. 2007 ) that 43 Cyg is a single star.
2 https://brite.camk.edu.pl/pub/index.html 
Frequency Analysis
The frequency analysis of the BRITE photometric time series was performed using an iterative prewhitening method based on the Lomb-Scargle periodogram which is described by Van Reeth et al. (2015a) . Frequencies are identified to be significant if they exceed 3.9 times the local noise level in the Fourier domain. Frequency errors are calculated using the method by Schwarzenberg-Czerny (2003) which is based on the statistical errors resulting from a non-linear least-squares fit corrected for the correlated nature of the data. Both methods have been already successfully applied to γ Doradus pulsation (e.g., Van Reeth et al. 2015b ).
In total we detected 43 intrinsic frequencies with S/N higher than 3.9 in a range from 0 to 2.78 d −1 that are caused by γ Doradus type pulsations (see Fig. 2 
Spectroscopic analysis
Spectroscopic analysis of 43 Cyg was performed using the LLmodels model atmosphere code (Shulyak et al. 2004) , the VALD database for atomic line parameters (Kupka et al. 1999) , SYNTH3 (Kochukhov 2007) for the computation of synthetic spectra and an updated version of the SME (Spectroscopy Made Easy, version 474) software package (Valenti & Piskunov 1996; Piskunov & Valenti 2017) . SME allows us to derive effective temperature, surface gravity, overall metallicity, individual element abundances, and the microturbulent, macroturbulent, rotational, and radial velocities of a star by fitting synthetic spectra to those observed. Spectral synthesis calculations may be performed for different grids of model atmospheres and are interpolated between the grid nodes. We used a model grid calculated with the LLmodels stellar model atmosphere code for microturbulent velocity υ mic = 2.0 km s −1 , which ranges from 4500 to 22000 K in effective temperature, from 2.5 to 5.0 dex in surface gravity, and from − 0.8 to 0.8 dex in metallicity (see Table 5 of Tkachenko et al. 2012) . The corresponding steps are 0.1 dex in log g, 0.1 dex in metal- licity, 100 K in the effective temperature region from 4500 to 10000 K and 250 K for higher T eff values.
For the fitting of the synthetic spectra we followed an approach described for example by Ryabchikova et al. (2016) and used the following spectral regions: 4167 − 4511 Å, 4485 − 4590 Å, 4744 − 4983 Å, 5100 − 5200 Å, 5600 − 5700 Å, 6100 − 6200 Å, and 6335 − 6765 Å. These ranges include the three Balmer lines Hα, Hβ, and Hγ. For a comparison and consistency check we also used the complete spectral range from 4150 − 6800 Å.
As starting values for our computations, we used the values of T eff = 7300 K and log g = 4.35 provided by David & Hillenbrand (2015) and υ sin i = 44 km s −1 from Fekel et al. (2003) . We used four different approaches to investigate the fundamental parameters for 43 Cyg: (i) we used only the three Balmer lines as input for SME, (ii) we used the four spectral regions without the Balmer lines, (iii) we used all above mentioned regions at the same time and (iv) the complete spectral range from 4 150-6 800Å. The corresponding solutions are very similar to each other: for T eff , log g, and metallicity [Fe/H] we find (i) 7141 K In the present temperature range, the hydrogen lines are sensitive to changes in both T eff and log g. We therefore use the average of the results from approaches (i), (iii) and (iv), which include Hα, Hβ, and Hγ as our final values of T eff and log g. Hence, we adopted the final parameters as T eff = 7150 ± 150 K, log g= 4.2 ± 0.6, υ sin i= 44 ± 4 km s −1 , and v mic = 2.99 ± 0.37 km s −1 (Table 2 ). Figure 3 shows a comparison between the observed and calculated line profiles of Hα, Hβ and Hγ.
We also conducted a detailed study of the star's individual chemical abundances using the SME software. We treated each element individually and calculated their atmospheric abundances in LTE except for O, Na, Ca and Ba for which we used a non-LTE analysis based on the procedure of Piskunov et al. (2017) . Just as we have found for the global metallicity of the star, the individual abundances of all analyzed elements agree with the solar values within the quoted error bars (see Table 3 and Figure 4 ). From this analysis we adopt a final value of [Fe/H] of −0.05 ± 0.08 for 43 Cyg. 
Asteroseismic inference
Identification of a period spacing pattern
The extracted pulsation frequencies were subsequently converted into periods and analysed to look for period spacing patterns. It is well-known that, because of the typical low noise level, the classical signal-to-noise criterion S /N ≥ 4 is unsuit-able for the application of iterative prewhitening on space-based data. As for example discussed by Balona (2014) and Baran et al. (2015) , the probability of including spurious extracted frequencies when studying space-based data is higher than for groundbased data with a lower signal-to-noise ratio. In the case of the latter, the classical stop criterion for iterative prewhitening is typically fulfilled earlier during the data analysis, so less frequencies are extracted. Spurious extracted frequencies may be caused by, e.g., the attempted prewhitening of unresolved pulsation frequencies and/or the residuals of imperfect preceding prewhitening. Hence, to facilitate the search for period spacing patterns in the data, we used the evaluation criterion defined by Van Reeth et al. (2015a) to help assess the reliability of the extracted signal, and classified the pulsation periods in nine different groups accordingly. In this evaluation we compared the amplitudes of the extracted pulsations with the local value of the Lomb-Scargle periodogram at that pulsation period. The relative difference between these two values was used as a measure for the impact of the preceding iterative prewhitening.
This resulted in the detection of one period spacing pattern, which is shown in Fig. 5 , and listed in Table 1 . The majority of the extracted pulsation frequencies which are not part of this pattern, were found to be combination frequencies. For the identification of the possible linear combinations we used the frequency resolution of the data set, i.e., 1/T = 0.006d −1 , as a tolerance margin. This is also listed in Table 1 . In addition, the other detected pulsation frequencies could also be isolated pulsations, possibly with different mode identifications (l, m) from that of the detected pattern, or in the case of some of the loweramplitude signal, numerical artefacts originating from the iterative prewhitening routine.
Although the detected pattern is relatively short and has gaps, there is a clear downward slope, caused by the stellar rotation. The pattern also contains strong non-uniform variations, indicative of a chemical gradient in the deep stellar interior. This is especially obvious when the pattern is compared to previously detected patterns, as shown in Figure 6 . While a detailed asteroseismic modelling would require a more extensive period spacing pattern, and thus, a significantly longer time base of observations, the current data allow for a basic asteroseismic evaluation. We can (i) determine the mode identification (l, m) of the pulsation modes in the period spacing pattern, and compute the asymptotic period spacing ∆Π l=1 and near-core rotation rate f rot from the observed period spacing pattern (see Sect. 5.2); and (ii) evaluate the consistency between the obtained spectroscopic properties of the star and the derived asymptotic period spacing and near-core rotation rate, using a suite of MESA/GYRE models (see Sect. 5.3).
Mode-identification and near-core rotation rate
In the first part of our analysis, we subsequently fitted a model spacing pattern to these observations to yield a mode identification for these pulsations and derive the near-core rotation rate. In this model, we ignored the non-uniform variations in period spacing patterns caused by chemical gradients, and assumed a rigidly rotating chemically homogeneous star. We used the asymptotic equidistant period spacing pattern, derived by Tassoul (1980) , and included the effects of rotation using the traditional approximation (e.g. Eckart 1960; Lee & Saio 1987 . The fit of the model pattern to the observations was evaluated using a χ 2 -statistic. We refer the reader to Van Reeth et al. (2016) for a detailed description and validation of this method.
For the evaluation of this basic model pattern, we excluded the pulsation periods which are strongly affected by the chemical gradients in the stellar interior, at 0.55 d and 0.68 d. The presence of a chemical gradient inside the star leads to the trapping of pulsation modes (Miglio et al. 2008) , and as we can clearly see in Figure 5 , these two pulsation periods are responsible for the presence of the dips in the detected period spacing pattern. The traditional approximation was implemented using the TAR module of the one-dimensional stellar pulsation code GYRE v5.0 (Townsend & Teitler 2013) . We identified the pulsations as prograde dipole modes, and found a near-core rotation frequency f rot = 0.56 +0.12 −0.14 d −1 and an asymptotic spacing ∆Π l=1 = 2970 +700 −570 s. This is in full agreement with the results of previous studies of γ Dor stars in the literature (e.g., Van Reeth et al. 2016; Ouazzani et al. 2017 ). This result is also shown in Fig. 7 .
Comparison between spectroscopic and asteroseismic properties
In the second part of this analysis, we made a consistency check between the spectroscopic and photometric parameters, i.e., T eff , log g, [M/H], ∆Π l=1 and f rot , using stellar models computed with the stellar evolution code MESA v7385 (Paxton et al. 2011 (Paxton et al. , 2013 (Paxton et al. , 2015 . We found that, in part because of the large error margins on the different parameters, the derived parameter values are entirely consistent. This is illustrated in the Kiel diagram in Fig. 8 . The stellar evolution tracks in this Figure were computed assuming solar metallicity, using the solar abundances derived by Asplund et al. (2009) . The convection was treated using the mixing-length theory, with α MLT equal to 1.8, and the models include exponential core overshooting, assuming f ov equal to 0.015. These parameter values were chosen to be close to typical values found in the literature for main-sequence g-mode pulsators (e.g., Moravveji et al. 2015 Moravveji et al. , 2016 Schmid & Aerts 2016) .
Morphology of the period spacing pattern and diffusive mixing
In addition, the morphology of the observed pattern also has some interesting characteristics. The large dips in the observed period spacing pattern point to the presence of a significant chemical gradient in the stellar interior. The relative amplitude of the dips in this pattern is comparable to those of the largest dips previously observed in period spacing patterns of γ Dor stars (e.g., Bedding et al. 2015; Van Reeth et al. 2015b) . This is a possible indication that the amount of chemical mixing in this star is on the lower end of what can be expected for a typical γ Dor star. Hence, we have made an additional consistency check, whereby we qualitatively compare the observed data with two theoretical patterns, that were calculated with the stellar pulsation code GYRE, using stellar models computed with the stellar evolution code MESA as input. This is illustrated in the bottom panel of Fig. 5 . Both models were selected in agreement with the values of T eff , log g and ∆Π l=1 within the 1σ confidence intervals. They have a stellar mass of 1.6 M , solar metallicity, a convective core exponential overshoot of 0.015 and a central hydrogen fraction X c of 0.36. The two models have a constant extra diffusive mixing D mix in the radiative region of 0 cm 2 s −1 and 1 cm 2 s −1 , respectively. In these models, the extra diffusive mixing reduces the steepness of the chemical gradients in the stellar interior. It seems that for these models, an extra mixing D mix of 1 cm 2 s −1 is an upper limit for 43 Cyg. Thus, we speculate that one or more steep chemical gradients are present in the interior of 43 Cyg. Detailed asteroseismic modelling is required to accurately determine the amount of extra mixing present inside the star, and evaluate the validity of these models. However, this is outside of the scope of this paper.
Summary and conclusions
We have identified a period spacing pattern for the γ Doradus star 43 Cyg from the 156-days long photometric time series obtained by the BRITE-Toronto nano-satellite which can be used to constrain the star's near-core rotation. We also used highresolution spectroscopic data to redetermine the star's fundamental parameters to be T eff = 7150 ± 150 K, log g = 4.2 ± 0.6, υ sin i = 44 ± 4 km s −1 , and v micro = 2.99 ± 0.37 km s −1 . 43 Cyg's atmosphere shows solar chemical composition with no peculiarities.
Of the 43 identified pulsation frequencies in 43 Cyg, 18 are part of the identified period spacing pattern, while 19 frequencies could be explained as combination frequencies. The remaining pulsation frequencies are possible isolated pulsations with different mode properties than those of the detected pattern or are part of a different, yet unidentified spacing pattern.
43 Cyg's detected period spacing pattern clearly shows a downward slope and strong non-uniform variations which indicate a chemical gradient in the stellar interior. We identified the 18 modes of the pattern to be prograde dipole modes and used them to find 43 Cyg's near-core rotation rate to be f rot = 0.56 of the dips that range from very pronounced to strongly washed out.
The limits of our analysis are determined by the relatively short detected period spacing pattern that also shows gaps. A detailed asteroseismic modeling can only be conducted based on a longer pattern derived from a significantly longer time base of observations.
